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Abstract
Whathydraulic information canbegained fromremotely sensedobservationsof a river’s surface?
In this study,we analyze the relationship between river bedundulations andwater surfaces for an
ungauged reach of the Xingu River, a first-order tributary of the Amazon river. This braided reach
is crosscut more than 10 times by a ENVISAT (ENVironmental SATellite) track that extends over
100 km. Rating curves based on a modeled discharge series and altimetric measurements are
used, including the zero-flow depth Z0 parameter, which describes river’s bathymetry. River
widths are determined from JERS (Japanese Earth Ressources Satellite) images. Hydrodynamic
laws predict that irregularities in the geometry of a river bed produce spatial and temporal vari-
ations in the water level, as well as in its slope. Observation of these changes is a goal of the
SurfaceWater andOcean Topography satellitemission, which has a final objective of determining
river discharge. First, the concept of hydraulic visibility is introduced, and the seasonality ofwater
surface slope is highlighted along with different flow regimes and reach behaviors. Then, we pro-
pose a new single-thread effective hydraulic approach for modeling braided rivers flows, based
on the observation scales of current satellite altimetry. The effective hydraulic model is able to
reproducewater surface elevations derived by satellite altimetry, and it shows that hydrodynam-
ical signatures are more visible in areas where the river bed morphology varies significantly and
for reaches with strong downstream control. The results of this study suggest that longitudinal
variations of the slope might be an interesting criteria for the analysis of river segmentation into
elementary reaches for theSurfaceWaterOceanTopographymission thatwill providecontinuous
measurements of the water surface elevations, the slopes, and the reach widths.
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1 CONTEXT OF THE ISSUE
Although the discharge of streams and rivers is an important compo-
nent of thewater cycle and represents a vital issue for societies world-
wide, therunoffof the largestglobalbasins is still poorlymonitored, and
the number of gauges and access to these data are decreasing across
the world (Bjerklie, Moller, Smith, & Dingman, 2005; Vörösmarty et al.,
2010). New generations of satellite and sensors offer the epotential to
overcome this lack of in situ data for hydrological sciences (Calmant
et al., 2008; Alsdorf & Lettenmaier, 2003).
Satellite measurements have led to interesting results for conti-
nental hydrosystems, including surface water monitoring via altimetry
throughout globalwatersheds (Koblinsky,Clarke, Brenne,&Frey, 1993;
Morris &Gill, 1994; Smith, Isacks, Bloom,&Murray, 1996; Smith, 1997;
Birkett, 1998; Mercier, Cazenave, & Maheu, 2002; Maheu, Cazenave,
&Mechoso, 2003; Kouraev, Zakharova, Samain,Mognard, & Cazenave,
2004; Berry, Garlick, Freeman, & Mathers 2005; Calmant & Seyler,
2006; Crétaux and Birkett, 2006; Frappart, Calmant, Cauhopé, Seyler,
& Cazenave, 2006; Zakharova, Kouraev, Cazenave, & Seyler, 2006;
Alsdorf, Rodríguez, and Lettenmaier, 2007b; Roux et al., 2008; Birkin-
shaw et al., 2010; Papa et al., 2010; Roux et al., 2010; Lee et al., 2011;
Santos da Silva et al., 2012), large flood extent estimationbasedon syn-
thetic aperture radar (e.g., Hess, Melack, Filoso, & Wang, 1995; Bates
et al., 2006; Alsdorf, Bates,Melack,Wilson, &Dunne 2007a; Schumann
et al., 2007; Kim et al., 2009; Hostache, Lai, Monnier, & Puech, 2010),
optical imagery (Pandey et al., 2014) or microwave sensors imagery
(Papaetal., 2008;Prigentet al., 2012), large-scale change inwatermass
distribution (Lettenmaier & Famiglietti, 2006; Ramillien, Cazenave, &
Brunau, 2004; Ramillien, Famiglietti, & Wahr 2008; Smith et al., 2009;
Chen, Wilson, & Tapley 2010; Xavier et al., 2010; Frappart, Seoane, &
Ramillien, 2013a; Frappart, Ramillien, & Ronchail, 2013b; Ramillien,
Frappart, & Seoane, 2014), water quality (Koponen et al., 2004), and
solid discharge data (Martinez, Guyot, Filizola, & Sondag, 2009) or
even groundwater tables data (Meijerink, 1996; Pfeffer et al., 2014).
Several statistical methods for estimating river discharge associating
space-borne data and ground-based ancillary data have beenproposed
(Bjerklie et al., 2005; Leon et al., 2006; Papa et al., 2010; Getirana
& Peters-Lidard, 2012; Tarpanelli et al., 2013; Birkinshaw et al., 2014
among others). The forthcoming Surface Water and Ocean Topogra-
phy (SWOT) mission, which is dedicated to the observation of global
water storage and fluxes, will provide water surface measurements of
continental water bodies at a decimetric vertical accuracy over river
areas of 1 km2 and rivers wider than 100m. Studies have recently pro-
posedprimarymethods forestimatingriverdischarge fromSWOTdata,
such as datasets consisting ofwater river surface elevation, widths and
slopes (Durand et al., 2014; Garambois & Monnier, 2015; Gleason &
Smith, 2014; Gleason, Smith, & Lee, 2014), as well as an intercompari-
son (Yoonetal. 2016;Durandetal.Moderate revisions).However,when
retrieving discharge values from open channel flow equations that are
constrained by the sole water surface elevation (WSE) observations,
the difficulty of measuring the bathymetry and roughness of the river
channels from spaceborne or airborne satellites must be considered.
In this context, Garambois and Monnier (2015) demonstrated that
for a specific observation scale, an adequate inverse modeling scale
and physical complexity exist for river flows in single-thread natural
channels. However, a considerable number of global rivers present a
more complex morphology such as braided rivers. O’Loughlin, Trigg,
Schumann, and Bates (2013) studied approximately 1,600 km of the
middle Congo reach, which is mostly braided, evaluated the possible
hydraulic control sections based on water surface width observations
using Landsat imagery and associated these observations with water
surface slope and backwater effects. The authors produced water sur-
face slope profiles based on Ice, Cloud, and land Elevation Satellite
WSEsandfoundthat theywerenearlyconstantover timefor theperiod
corresponding to the falling limb (March), lowwater (June), and the ris-
ing limb (November). However, these water surface slope profiles are
calculated based on unevenly spatiotemporal data, which included 256
timepoints/locations for the 1,600-km reach. Theminimumspatial gap
was approximately 25 km, and the mean spatial gap was graphically
estimated as approximately 50 km or more, which prevents a deeper
flowbehavior analysis andmight have caused a lack of hydraulic visibil-
ity in terms of water surface curvature as shown in the present paper,
which includes a rather dense spatiotemporal sampling of a 80-km
reach of the Xingu River. Moreover, the control sections in the present
paper areanalyzedwith regard to cross-sectional and longitudinal vari-
ations of river bed elevation and cross-sectional shapes as predicted by
the hydrodynamic equations.
Most studies that have incorporated remotely sensed WSEs, gen-
erally for distant river reaches, are performed for river with several
available bathymetry measurements. Water elevations can then be
assimilated into a hydraulic model with known bathymetry, such as
in models designed (e.g., Hostache et al., 2010; Biancamaria et al.,
2011). Siddique-E-Akbor, Hossain, Lee, and Shum (2011) examined
the consistency in the water elevations data for the main rivers
of the Bangladesh delta between satellite altimetry data and a 1D
calibrated hydraulic model. Even with a hydraulic model calibrated
on in situ water depth gauges, the authors observed an average
root-mean-square error of 2m between ENVISAT data and the mod-
eled WSEs for this complex deltaic environment. Different altitude
references between altimetry and in situ data could explain a portion
of this error budget. To the best of our knowledge, this study intro-
duces one of the first hydraulic modeling of an ungauged river reach
based on altimetric data. This work proposes a new effective hydraulic
approach for modeling braided river sections, based on the obser-
vation scales of current satellite altimetry and in view of the future
SWOTmission.
For a given hydrologic signal, hydrodynamic laws predict that longi-
tudinal variations in a river bed’s elevation and cross-sectional shape
will produce spatial variations in thewater level and thus in the slope of
the water line. Recently, Paris et al. (2016) proposed a set of river bed
elevations of theAmazon basin based on a large altimetric dataset first
published in Santos da Silva et al. (2012) as well as discharge from the
continuous distributed rainfall runoff model MGB-IPH published in
Paiva et al. (2013).
Using rating curve parameters calibrated by Paris et al. (2016)
(cf., Section 2.2), the objectives of the present paper are twofold:
- Investigate the hydraulic meaning of state-of-the-art altimetric
WSEmeasurements.
- Testwhethera real braided riverwith seasonal overbankingdynam-
ics can be modeled using a single-thread effective representation and
calibrated roughness.
We use a hydrodynamic model (cf., Sections 3.1 and 3.2) to
investigate the consistency of river bed undulations derived from
stage-discharge rating curves and the spatial and temporal variabil-
ity of water surface slopes derived from ENVISAT satellite altimetry
for a braided reach of the Xingu river, which is a first-order tribu-
tary of the Amazon River. This river is crosscut more than 10 times
by a single ENVISAT track that extends over a hundred kilometers,
thereby providing direct access to instantaneous WSE and slopes
approximations (downstream finite difference) and their temporal
variations and indirect access to a longitudinal river bed elevation
for this reach of the Xingu River based on the method of Paris et al.,
(2016). The water surface width of the reaches and their variations
with the hydrological cycle cannot be inferred using current altime-
try products. Therefore, the reach widths are obtained from SAR
(Synthetic Aperture Radar) imagery mosaics derived from the JERS
mission of the Global Rain Forest Mapping project. A simple and effec-
tive representation of braided river sections/reaches based on real
“state-of-the-art data” is proposed.
High-resolutionobservationsof thevariations in elevationand slope
of theWSEworldwide is a goal of the future-wide swath altimetricmis-
sion SWOT, which will be launched in 2021 by National Aeronautics
and Space Administration and CNES (Centre National d’Études Spa-
tiales), which has a final goal of determining river’s discharges (see
Biancamaria et al., 2010; Biancamaria, 2016). This study aims to consti-
tute a low-resolution baseline for hydraulic analyzes and inversemeth-
ods that use higher resolution data such as those expected fromSWOT.
FIGURE 1 Study site: Xingu River reachwithin the Amazonwatershed, virtual stations SV#12 to SV#1 from south to north
The paper is structured as follows. Section 2 introduces the study
zone and data and provides an analysis of water surface slope variabil-
ity. Section 3 describes the hydrodynamic model and hypotheses. And
Sections 4 and 5 present results and discussions.
2 UNGAUGED BRAIDED RIVER REACH
WITH LONG ALTIMETRIC RECORDS
2.1 Study zone
From its headwaters in the Andes mountains to its delta at Atlantic
Ocean, the Amazon drains an area of approximately 6.1 × 106 km2 and
hasanaveragedischargeon theorderof2.105 m3.s− 1 (e.g., Richeyetal.,
1989). The Xingu River, which has a drainage area of approximately
5.3 × 105 km2 and an average discharge on the order of 9.103 m3.s− 1,
is a first-order southeast tributary at its confluence with the Amazon.
The study zone consists of an ungauged braided reach of the Xingu
River where six virtual stations (VS) have been defined according to
ENVISAT measurements (Figure 1). This reach was selected for the
following reasons:
• It is an ungauged reach; thus, it represents a challenging point for
hydrological and hydraulics research;
• It is crosscutmore than 10 times by a single ENVISAT track, which is
quite rare;
• Several important contributions are available for the Amazon basin
where the reach of the Xingu River is located: calibrated hydro-
logical model MGB (Paiva et al., 2013), altimetric dataset (Santos
da Silva et al., 2012), and fairly accurate altimetric rating curves
(Paris et al., 2016).
As highlighted by Santos da Silva et al. (2012), ENVISAT altimetric
data are convenient for the study of continental water bodies that
presentverticalerrorsandare typically locatedbetween0.12and0.4m
in theAmazon basin. The six virtual stations derived from the ENVISAT
dataset in the study area define five reaches for a total length of 72 km
along the Xingu River (Table 1). A significant tributary is not observed
for this river section. The series encompass the entire ENVISAT mis-
sion from mid-2002 to mid-2010 with WSE measurements at each
VS every 35days, thereby representing 76 samples of WSE. In-depth
descriptions on the processing of the raw ENVISAT data are provided
in Santos da Silva et al. (2012). Cross-sectional water surface width
were obtained from tow JERS mosaics1: one for the low water period,
which uses the images collected between September and December
1995, and one for the high water period, which uses images collected
between May and August 1996. In these mosaics, the river channels
are characterized by a very low radar echo returns, because of inun-
dated forest on the margins of the river channel are characterized by
very high returns due to the double bounce effect on the radar pulse.
The magnitude of the retro-diffusion is scaled between 0 and 255 in
the products. Based on the work conducted by Hess, Melack, Novo,
Barbosa, and Gastil, (2003), who classified the retro-diffusion coeffi-
cients of the JERS-1 images in the Amazon basin, we used a threshold
value of ≤50 to identify the minor bed of the rivers at the low water
season and a threshold value of at least 180 at least to characterize
the forest flooded at the high water season. These values were used
to estimate the major bed of the river at the high water season. For
the braided sections, the width included in the effective model here-
after is determinedaccording to the sumof each thread’swidth.A JERS
image at lowwater season in the study area is shown in the right panel
of Figure 1. The effective water surface widths corresponding to the
total top width of all threads are represented for low and high flows
in Figure 2
1Courtesy of GRFM, (c) NASDA/MITI
TABLE 1 Rating curve parameters a, b, and bathymetry Z0are from Paris et al. (2016) for the six virtual stations
selected in this study along 72 km of the Xingu River
VS#12 VS#11 VS#6 VS#5 VS#3 VS#1
Distance tomouth [km] 1,146 1,129 1,124 1,116 1,110 1,075
Drainage area [km2] (MGBmodel) 193,255 193,255 194,148 194,148 195,882 197,862
Z0 [m] (reference: EGM2008) 209.6 207.1 206.9 206.5 204.3 196.5
a 162.514 74.631 74.72 143.708 59.184 103.925
b 2.204 2.543 2.633 2.52 2.715 2.288
Total low flowwidth [m] (derived from JERS) 1,090 1,540 1,260 1,590 930 930
Total high flowwidth [m] (derived from JERS) 2,610 1,850 1,900 2,240 1,240 1,140
FIGURE 2 Representation of (left) the river bed bathymetry Z0 from Paris et al. (2016) and (right) the effective water surface topwidth derived
from JERS images between the left and right banks
2.2 Altimetry-based rating curves and river bed
elevations
This section briefly introduces the stage–discharge relationships
among the river reaches and river bed elevations proposed by Paris
etal. (2016) for theAmazonbasin.Thoseratingcurvesarebasedonalti-
metric database from the ENVISAT and JASON-2 altimetric missions
for the WSEs at 920 VS throughout the Amazon basin proposed by
SantosdaSilva et al. (2012) anddischargedata calculatedbyPaiva et al.
(2013) using the distributed rainfall-runoff model MGB. To interpret
the rating curve parameters in terms of the hydrological and morpho-
logical parameters of river reaches, the stage Z(t) and discharge Q(t)
series were fitted by Manning-like power laws. The Manning equation
for large rivers writes:
Q(t) = K w h5∕3 S1∕2, (1)
where h is the water depth, w is the width of the rectangular cross
section, K is the Strickler friction coefficient, and S is the slope of the
water line. The rating curve general expression used by Paris et al.
(2016) for a given river cross section abscissa x is as follows:
Q(x, t) = a(x)
[
Z(x, t) − Z0(x)
]b(x)
, (2)
where a, b, and Z0 are the rating curve parameters optimized with an
algorithm based on aMarkov chain Monte Carlo method in a Bayesian
framework (the Shuffled Complex Evolution Metropolis-UA) by Vrugt,
Gupta, Bastidas, Bouten, and Sorooshian (2003)) with a cost func-
tion based on the difference between calculated andMGB discharges.
Assuming the equivalence with the Manning Equation 1, the likely
rating curve parameters from Equation 2 are a = WK s1/2, and Z0 that
is the river bed elevation that references the same geodetic system
as the altimetric series. Paris et al. (2016) showed that the rating curve
parameters for which the coefficients were optimized over 8 years of
ENVISAT and Jason-2 measurements were consistent with the in situ
ADCP (Acoustic Doppler Current Profiler) measurements, and espe-
cially the mean river bed elevation Z0, which had an error of about
5% comparedwith the area-to-width ratio of the ADCP cross sections.
Additionally, these rating curves are not mission specific, and the rated
dischargecanbeestimatedwithWSEdatagained from in situmeasure-
ments or altimetric missions.
3 EFFECTIVE MODEL OF A BRAIDED RIVER
REACH
In this section, an effectivemodelMeff with averaged hydraulic param-
eters is defined. Indeed, the definition of river reach boundaries with
average hydraulic properties is somehow imposed by the spatial scale
of theWSEobservations fromthe satellite.Note that thedefinitionof a
river reach is an important step for forwardhydraulicmodeling but also
for inverse methods, such as for discharge retrieval (e.g., Garambois
&Monnier, 2015;Durand et al., 2014) via conditioning inverse problem
complexity. One goal of the current contribution is to investigate a sim-
ple and effective representation of braided river section/reaches so
that flow dynamics can be analyzed for a relatively coarse bathymetry
derived from altimetric rating curves (Paris et al., 2016).
3.1 Cross-sectional representation
As shown in Figure 1, the five reaches studied in this paper are braided.
Because detailed data on the exact bathymetry of the reaches and
FIGURE 3 Hypothesis of the effectivemodelMeff (geometry,
calibrated river roughness distribution Ks between brackets for the
three defined flow regimes) for the forward backwater curve
resolutions. Threshold defined for the downstream cross section
VS#1, Zth1 = 198.82m and Zth2 = 201.77m
measurements of different WSE in the small channels contouring the
islets are not available, we used an effective representation of the real
braidedmorphology that consists of a single channelwith a parameter-
ization that results in an equivalent hydrodynamical behavior. The goal
is to model the WSE and slopes that are likely consistent with those
measured by satellite altimetry. The hypothesis of a single thread is
required by the spatial resolution of the current altimetry measure-
ments so that flowparameters can be identified. The shape of the cross
sections is defined according to the observational capabilities and lim-
itations: For values below the lower flow observation, each section is
assumed to be rectangularwith theZ0 parameter (river bed elevations)
taken from Paris et al. (2016), whereas for values above this observa-
tion, a trapezoidal approximationof thecross sectionwithin thebounds
given by the JERS imagery is affordable (cf., Garambois & Monnier,
2015; Durand et al., 2014). However, a variable spatiotemporal rough-
ness coefficient is required in this study, and it is discussed in Sections 4
and 5. Based on the cross section definition and to ensure that the
roughness hence the discharge will be a continuous function of the
water elevation Z, let us define the Strickler coefficient K(Z) for each
virtual station as follows:
Ks(Z) =
⎧⎪⎨⎪⎩
K𝑙𝑜𝑤
Klow + (K𝑖𝑛𝑡𝑒𝑟 − K𝑙𝑜𝑤) tanh(Z − Z𝑡ℎ1)
Kinter +
(
Kℎ𝑖𝑔ℎ − K𝑖𝑛𝑡𝑒𝑟
)
tanh(Z − Z𝑡ℎ2)
Z < Z𝑡ℎ1
if Z𝑡ℎ1 < Z < Z𝑡ℎ2
Z𝑡ℎ2 < Z.
(3)
withZth1 andZth2 representing respectively the thresholds of thewater
elevation for low-intermediate and intermediate-high flows, respec-
tively, as defined for the downstream cross section VS#1 (Figure 3).
Therefore, the following three flow regimes are defined: low, medium,
and high flow (Equation 3). When a threshold is reached for VS#1
WSE, we consider that this threshold also applies to each upstream
cross sections (resolution from downstream to upstream cf., Section
3.2, ). The roughness calibration is detailed in Section 4.3.
3.2 Gradually varied steady-state flows
The time scale of observations—monthly—does not allow to observe
fast temporal dynamics; thus, we assume permanent states of the
river reaches at each observation time. For permanent flows, the
Saint-Venant equations reduce to the backwater curve equation:
𝜕xQ = 0. (4)
𝜕xh =
I − J
1 − Fr2
. (5)
where Q[m3.s− 1] is the cross-sectional discharge, h[m] is the water
depth determined from the river bed averaged across the channel, I =
− 𝜕xZ0 is the river bed slope [m.m− 1], and J = Q|Q|
K2s A2R
4
3
h
is the energy slope
[m.m− 1] calculated with Manning–Strickler formula. K is the Strick-
ler roughness coefficient [m
1
3 .s−1], A is the cross-sectional wetted area
[m2], and Rh is the hydraulic radius defined as the ratio between wet-
ted the wetted surface and perimeter, Fr is the Froude number such as
Fr2 = Q
2w
gA3
, where w is the water surface width [m] and g is the grav-
ity acceleration of the Earth [m.s− 2]. The water depth h is related to
theWSE Zmeasured by altimetry: h = Z − Z0. Note that because Z0 is
obtained by the rating curves fromParis et al. (2016), which is based on
the altimetry data, Z and Z0 are directly referenced to the same datum,
which is the EGM2008 global geoidmodel in our case.
The systems of Equations 4 and 5 are first-order differential
equations in x; therefore, one boundary condition is necessary for each
variableQ and h. When the flow is sub-critical (Fr2 < 1), a downstream
boundary condition is required, that is, at the outlet of the domain.We
used a high-order Runge–Kutta numerical scheme to accurately solve
these systems of differential equations.
4 RESULTS
4.1 Water surface variability observed by altimetry
The analysis of the WSEs and slopes, from 76 ENVISAT overpasses
selected between 2002 and 2010, is presented in Figure 4. The hydro-
grams presented in Figure 4 demonstrate the alternation betweenwet
and dry seasons of an average hydrological year, with one clear annual
flood peak in March and low waters in September (Figure 4a). Such a
regime is typical for large river systems located in tropical areas (cf.,
Birkett, 1998). The elevation difference between the lowest and the
highest WSE varies from 4 m for VS#5 to 5.7 m for VS#1, as shown by
theblue envelope in Figure4b. These variations are consistentwith the
4.4-m variation depicted by the stage series at Sao-Miguel X5, which is
the closest gauge to the study area (located ˜200 km downstream) and
has the samemonths of high and low flows (http//hidroweb.ana.gov.br).
Such a difference inwater level dynamics between theVS#5 andVS#1,
which are only separated by approximately 40 km and do not present
water inflow from a tributary, must be attributed to a significant
change in rivermorphology such as in the cross-sectional area and/or in
the bed slope.
The water surface slopes, which were calculated from the WSEs at
two virtual stations divided by the flow distance, range between 3 and
35 cm/km. Thewater surface slopes of the last two reaches of the stud-
ieddomainwere thehighest (Figure4d).More importantly, themonthly
averages of the slopes highlighted a seasonality in water surface slope
variability for the reaches as plotted in Figure 4c. The water surface
slopes are less undulated over the whole studied domain for higher
flow conditions (cf., Figure 4c,d). For example, in March, the slope dif-
ferencebetween the steepest and the flattest reach is about12 cm/km,
FIGURE 4 Analysis of ENVISAT data: (a) monthly average for water surface elevation at each virtual stations (VS); (b) mean, minimum, and
maximum (blue envelope) water surface elevation with river bed elevation Z0 according to Paris et al. (2016); (c) monthly average for the water
surface slope for each reach between two VS; and (d) mean, minimum andmaximum (green envelope) water surface slope
whereas in August, this slope difference is about 30 cm/km. In other
words, the spatial variability of the rivermorphology ismore filteredby
the water surface profile for higher flow conditions (in March), which
canbedepictedhereaccording toaltimetricmeasurementsof theWSE.
4.2 Hydraulic characterization of reach behavior
using 8 years of altimetric records
Free surface flow dynamics are controlled by boundary conditions
(inlet(s), outlet(s), and basal friction) and the river morphology, that
is, longitudinal variations of the river bed slope and/or cross-sectional
area. For reaches betweenVS#11 andVS#6 andVS#6 andVS#5,water
surface slopes tend to decrease when water level decreases and vice
versa (Figure 4c). A decrease in the water surface slope for lower
flows may indicate stronger downstream control. On the contrary, for
the reach between VS#5 and VS#3, the water surface slope tends to
increasewhen thewater level decreases.Hence, the flowbehaviormay
changebetweenthe lowestandthehighest flowregime, fromanunsub-
merged to submerged weir flow behavior for those three reaches.
No particular trend can be depicted from the variations in water sur-
face slope for the other longer reaches between VS#12 and VS#11
and VS#3 and VS#1. The most downstream reach, which is between
VS#11 and VS#12, is the longest reach of this study. This lack of vis-
ible variability may have been caused by spatial resolution that was
too coarse for such long reaches. As shown in Section 4.4, the spatial
resolution of the altimetric dataset and the hydraulic model used in
this paper allows us to depict water surface variability along the study
domain andwithin contrasted flow regimes. Using analogous terminol-
ogy for meteorological radars and hydrologic visibility of rainfall fields
(Pellarin et al., 2002), we define hydraulic visibility, the potential to
depict a hydrological response, and hydraulic variabilitieswithin a river
section or network via remote sensing.
The flow behavior and downstream control effects are significantly
linked to a channel’s geometry. The river bed slope breaks around near
VS#5, and the river cross-sectional area and shape variabilitymay have
an influence on flow dynamics. The effective river topwidth in Figure 2
for a low river effective width varies slightly at approximately 1,000
m with a +30% variation for VS#11 and VS#5. For high flows, a sharp
effective width constriction appears from upstream to downstream in
thestudieddomain, andrapidconstrictionsof river topwidthshavealso
been reported by O’Loughlin et al. (2013) for the Congo River. For the
Xingu, the effective high-flow top-width varies from 2,240 to 1,240 m
at a 6-km flow distance between VS# 5 and VS#3.
4.3 Calibration/validation of the effective hydraulic
model
A permanent flow line is simulated for each satellite pass by solving
the backwater curve Equation 5. For each reach, we use the dis-
charge calculated from the altimetric rating curves. The WSE mea-
sured by ENVISAT at VS#1 downstream of the studied domain is used
as boundary condition for the water depth (because the estimated
bathymetry parameter elevation Z0 is available). The roughness dis-
tribution along the river reach is calibrated through a trial and error
procedure designed tominimizing the distance between the simulated
(Equation 5) and observed flow lines on the calibration period formed
by the first 38 ENVISAT passes.
The accuracy of the modeled flow lines is first analyzed in terms
of the relative elevation error with respect to the WSE measured by
ENVISAT at the five remaining upstream virtual stations (Figure 5). In
the left panel of Figure 5, the calibration results are fairly good and
present a median error lower than 3.5% and an interquartile range on
the order or lower than 10%. Comparable results are obtained for the
validation on the remaining 38 passes, which presents fewmore abso-
lute error values ranging between10%and15%.Moreover, reasonable
FIGURE 5 Relative error Err = (Z−Zalti)(Zalti−Z0) between themodeledWSE and ENVISAT data for simulatedwater depths with effective cross sections
determined using calibration (left) and validation (middle) subsets and thewhole dataset (right), that is, 76 satellite overpass between 13/11/2002
and 22/09/2010,meant(Err)= 0.038,Q50 = 0.024
roughness values ranging from 9 to 28 (i.e., Manning coefficient rang-
ing from 0.036 to 0.11) were found (Figure 5) compared with the usual
ranges (e.g., Chow, 1959).
4.4 Retrieving flow line dynamics and rating curves
Flow lines simulated with the abovemethod are presented in Figure 6.
Various flow regimes can be reproduced via the representation of the
cross sections and the parameterization of the calibrated roughness
varying with the WSE. As shown in the right panel of Figure 6, the
consistency between the simulated WSE and the measurements for
the 76 satellite overpasses is fairly good. For flow conditions ranging
from 423m3/s to 10,574m3/s, the mean and median relative error on
theWSE are 3.8% and 2.4%.
We show three modeled flow lines that correspond to the contrast-
ing flow regimes (423m3.s− 1; 2,504m3.s− 1; 10,574m3.s− 1) and are
representative of the range of the observed WSE variability for these
reaches of the Xingu River, that is,
• low to medium flow (400–740 m3.s− 1) with a strong downstream
control because of VS#5 and VS#3,
FIGURE 6 Flow lines simulatedwith backwater curve equation (cf.,
Section 3.2) comparedwith ENVISATmeasurements at five virtual
gauging stations
• intermediate flow (740–2,020 m3.s− 1) with a moderate down-
stream control because of VS#5 and VS#3, and
• high flow (>2,020 m3.s− 1) with apparently no downstream control
because of VS#5 and VS#3.
As shown inFigure6, themodel’s behavior followsobservations, and
the variability of the river morphology is more filtered by the water
surface for higher flow conditions, which indicates less downstream
control, especially for the upstream VS#5 and VS#3. The hydraulic sig-
nificance of the bathymetry profileZ0(x) fromParis et al. (2016) for this
ungauged study zone is therefore corroborated by the hydrodynamic
signature of the flow determined by satellite altimetry.
Simulated rating curves are represented along with the “altimetric
rating curves” used as boundary conditions for simulating the flow lines
(Figure 7). The values are consistent with differences smaller than the
uncertainties from the altimetric measurements of the WSE. Hence,
a power law stage–discharge relationship can be reproduced with the
effective geometry-friction parameterization . The relative errors of
theWSE are explained by the histogram on the right panel of Figure 7,
which shows the differences between simulated and observedWSE in
meters. The differences in the WSE simulated over the 8-year period
rarely exceeded ± 30 cm and are mostly between ± 10 cm, that is a
few percent of relative error on water depth, and on the order of the
accuracy of the ENVISAT measurements according to Santos da Silva
et al. (2012) and Santos da Silva et al. (2010). Thus, our simplemodeling
hypothesis (discussed in Section 5.2) and calibration procedure are suf-
ficient for reproducing a large range of flow regimes on a braided river
with a state-of-the-art remotely sensed dataset.
5 DISCUSSION
In this section, we first discuss the impact of the WS measurement
accuracy and the related hydraulic visibility as defined above. Then we
investigate the impact in terms of simulated water levels of modeling
hypothesisonthecross sectionshapeandroughnessvariability.Follow-
ing themethod used to build the effective hydraulic model proposed in
Section 3 and starting from highly simplified cross section shapes and
roughness parameterizations, several configurations have been tested,
and their limitations are highlighted here. Then, physical interpreta-
tions of the flow simulated with the effective model and a calibrated
FIGURE 7 (Left) Simulated versus reference rating curves (continuous lines) from Paris et al. (2016). (Right) Histogram of the water surface
elevation difference between ENVISATmeasurements and simulations
FIGURE 8 Sensitivity analysis of hydraulic visibility with respect to the spatial density of themeasurement accuracy. Xingu River crossings by
ENVISAT at (Left) VS#= [12, 11, 5, 1], (right) VS#= [12, 6, 3, 1]
parameter set consisting in roughness values varying in space and in
function of water depth are presented.
5.1 Impact of themeasurement accuracy
on hydraulic visibility
How does the spatial density of WSE measurements may affect
hydraulic visibility? A sensitivity analysis of the spatial sampling has
been performed, and two situations with lower virtual station densi-
ties are reported in Figure 8. In both cases, the observation of the riffle
located between VS#11 and VS#5 (cf., Section 4.2) is deteriorated by
considering only two virtual stations among four (VS# 11 and 5; VS# 6
and3). In both cases, thewater surface slope signal ismore flat, and the
highestWSslopevalue isapproximately22cm/kminAugust for the last
reach (VS# 5-1 or VS# 3-1), whereas the valuewas originally 35 cm/km
for reach VS#5-3. This finding highlights the importance of depicting
certaindetails, suchasa reachwitha lengthof6kmataprecise location
for our study area, to distinguish different flow regimes. The location
and appropriate reach length may depend on the geomorphological
configuration and hydrological region.
Howwill slope uncertainty fromSWOTdata impact hydraulic visibil-
ity? From the SWOTscience requirement document (Rodriguez, 2012),
the expected slope accuracy after processing elevations over a maxi-
mum of 10 km of flow distance should be 1.7 cm/km or better for river
widths greater than100m.For the studied reachof theXinguRiver, this
error on water surface slope represents 34% of the lowest water sur-
face slopes (pool) and 4% of the highest slope values calculated from
ENVISAT data. Different reach behaviors can still be distinguished.
Slope errorsmay have a greater impact on studies of river reacheswith
lowslopevalues suchas for low land riversor forpools. For agiven river,
the hydraulic visibility may also depend on time periods—even seasons
for some hydrological regimes. Indeed, if the slopemeasurement error
is greater than the slope variability for a given time period, there is no
hydraulic visibility.
5.2 Sensitivity analysis to the effectivemodel
complexity
A central question in river modeling is the level of complexity required
to incorporate potentially nonlinear behaviors across a large range of
flow regimes. However, such a model must remain parsimonious (with
respect to the number of parameters) to facilitate or allow for its cali-
bration using a dataset of reasonable size.
Several models are tested on the ENVISAT dataset following the
cal/val method presented above, and the results are presented for the
whole flow lines dataset in Figure 9. An initial simple model consists
FIGURE 9 Sensitivity analysis with respect to themodel hypothesis. Relative error between themodeledWSE and ENVISAT data for simulated
water depths over the whole dataset, that is, 76 satellite overpass between 13/11/2002 and 22/09/2010. Test of themodeling hypothesis: (left)
rectangular cross section with low-lowwidth (cf., Table 1) and constant calibrated roughness Ks = [20, 19, 17, 13, 15, 16], (right) effective cross
sections with constant calibrated roughness [20, 20, 18, 14, 15, 16]
rectangular river cross sections with constant roughness values for
all flow regimes, and it is calibrated for each cross section. Under
low-flowwidth conditions, Figure 9 (left) shows that the relative errors
of theWSEsaremore important and spreadwith aminimum interquar-
tile range of 20% compared with the less than 10% relative error for
the effective cross-section shape and variable calibrated roughness
(denoted asMeff ). Moreover, maximal errors on the order of 40% of
the water depth or more are observed. This model cannot simulate a
large range of flow regimes. Comparable model errors are obtained
if a high flow width is used, although the calibrated roughness val-
ues are slightly smaller—results are not presented here. These results
demonstrate the coupled influence of roughness and cross-sectional
geometry.
Because low-flow and high-flow top widths are available, they are
both used to set effective cross section shapes (cf., Figure 3) openings
for high water levels. Again as shown in Figure 9 (right), a constant
roughness coefficient for each effective cross section does not allow
for the correct reproduction of all flow regimes. This finding is particu-
larly true for the last three sections, which have interquartile ranges of
approximately 20%, 35%, and30%comparedwith a less than10%rela-
tive errorwithMeff . For all of theVS, the interdecile rangehas a greater
than 20% relative error and a greater than 50% relative error for the
last three sections, whereas the VS have a relative error on the order
of or lower than 20% relative error withMeff . Thus, the flow behavior
appears to be more nonlinear across the range of tested flow regimes
for the last three sections.
Globally, for constant roughness values over time, the results with
a rectangular cross section are worse than those with an effec-
tive cross section, which promotes the use of a low-flow and a
high-flow width. Moreover, in both cases, a constant roughness over
time appears to be an insufficient modeling hypothesis and can-
not account for the nonlinear behavior of the observed flow on
real complex geometries. The results provided in Section 4.4 show
the benefit of using roughness that varies in time because relative
errors are relatively small. Moreover calibrating the 15 roughness
values over the entire surface elevation dataset reduces the errors;
thus, despite its modest size, the calibration dataset can constrain
themodel.
5.3 Interpretation of the effective hydraulic
parameters
Aspreviously stated, river flowdynamics are significantly controlledby
basal friction and river morphology, or variations in the river bed slope
and/or variations in the channel cross-sectional shape. In this study, a
multithread river is modeled under the hypothesis of a single channel
with an effective roughness coefficient. Indeed, the wetted perimeter
of an effective single-thread section may be lower than the total wet-
ted perimeter of all threads, even for the same wetted surface. Lower
values ofKs, which indicates higher friction, were determined for VS#5
and VS#3 for low to intermediate flows. Therefore, a higher friction is
required to simulate flow lineswithour single-thread representationof
a braided river reach under low-flow conditions.
For a given spatial scale, a set of effective cross sections, charac-
terized by their roughness Ks and geometry (cross-sectional wetted
surface and perimeter), is expected to reproduce a similar flow line.
For a specific discharge value, redefining the cross section geome-
try and roughness produces a velocity (uniform on a cross section by
definition of the1DSaint-Venant equations) thatmaybedifferent from
the observed velocities. The resolution of the observation grid and
crossflow and along the flow distance imposes a scale for averaging
real physical and hydraulic properties in both directions. Nevertheless,
the use of effective roughness—and geometries with a single-thread
representation—appears to be feasible for braided rivers. Indeed, for
this dataset of 76 ENVISAT overpasses, the flow line elevation is fairly
well approximated with an average relative error lower than 2.4%
(Figure 6).
6 CONCLUSIONS AND PERSPECTIVES
Wedemonstrate that hydraulic information can be retrieved from cur-
rent altimetric data over a braided reach of a mid-size river. We used
six VS located on an ungauged reach of the Xingu River, which is a
tributary of the Amazon River. The current accuracy and spatial reso-
lution of the current altimetry data are sufficient to detect a potential
slope break of bathymetry for different flow regimes. The spatial vari-
ability of this river’s morphology is more filtered by higher flow condi-
tions, aspredictedbyhydrodynamic laws.Moreover, differenthydraulic
behaviors have been depicted from the comparative analysis of the
WSE and slope variations over time between VS. Downstream control
caused by a constriction in the river width and/or slope break and/or
real rugosity variations was identified for two reaches.
This study also provides a simple and effective representation of
braided river sections/reaches thatmaybeadapted to “state-of-the-art
data” from satellite altimetry and imagery. The calibration and valida-
tion results of simulatedWSEs are consistent with ENVISAT data, and
the differences are smaller than measurement uncertainties. More-
over, the hydrodynamical signature of the flow modeled with the
effective river representation is consistent with the WSE and slopes
derived from satellite altimetry. Interestingly, a roughness coefficient
that varies with the water depth and a single channel representation
allow for the reproduction of flow lines of braided river reaches of 5
to 35 km in length. The model covers a wide range of flow regimes,
including low-flow regimes where higher effective roughness values
appeared necessary to account for the higher friction certainly caused
by flowpartitioning among threads and tohighwater seasonwhere the
forest is flooded andmost of the threads connected.
Only remotely sensed data and a hydrologic model are required
to establish rating curves and produce an effective hydraulic model.
Therefore, this method is applicable for ungauged reaches, such as the
studied reach on the Xingu River. In addition, this kind of approach for
determining a river bathymetry is a necessary first step for assimilat-
ing remotely sensed water elevations (or even water extents) into a
hydraulic or hydrologic chain.
Moreover, this paper introduces the concept of hydraulic visibility,
whichdescribes thepotential for observinghydrological responses and
hydraulic variabilities, including the hydrodynamic signature of control
sections, of a river reach, or network with remote sensing. Water sur-
face slope variability in timeand space reveals to be a powerful proxy
for characterizing the hydraulic behavior of river reaches. It is of par-
ticular interest for the future satellite mission SWOT, which will offer
interesting perspectives in terms of hydraulic visibility for studying
flow variability at finer spatiotemporal scales aswell as physical scales.
Further analysis may also exploit the complementarity of in situ mea-
surements such as bathymetry and flow velocity measurements. More
detailed characterizations ofwater surface slopes and their spatiotem-
poral variabilities would help define river reaches and characterize
their hydraulic unicity. Such characterization could be of interest for
inverse approaches basedonSWOTdata andused to infer spatially dis-
tributed river discharges. Further investigations, especiallywith regard
towater surface slopes, could alsoexploit the informationderived from
combinations of remotely sensed data fromdifferent satellitemissions
to provide hydrological predictions at ungauged locations.
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